Lehtinen, P.O.; Foster, Adam; Ayuela, A.; Vehviläinen, T.T.; Nieminen, R. M.
We use ab initio methods to calculate the physical and electronic properties of carbon adatoms on different characteristic carbon nanotubes. We found that for every tube the energetically favored adsorption geometry is a ''bridgelike'' structure between two surface carbons, perpendicular to the long axis of the tube. For adsorption perpendicular or parallel to the axis, the calculations show that the adatom is spin polarized, although the magnitude of the magnetic moment depends mainly on the electronic structure of the nanotube itself. 
I. INTRODUCTION
As the focus in nanotube studies becomes increasingly atomistic, the importance of defects in nanotube properties is more frequently highlighted. Understanding the properties of these defects has become an essential part of such diverse processes in carbon materials such as strain, 1 lithium storage in nanotube based batteries, 2 catalytic growth, 3 junctions, 4 and quantum dot creation. 5, 6 Studies of radiation effects 7 in graphite and other carbon nanostructures and experiments on as-grown nanotubes 5, 8 have demonstrated that intrinsic carbon defects are a common phenomenon in standard samples. One of the most common intrinsic defects created is the carbon vacancy-adatom pair, 7 and therefore it is important to study the influence this kind of defect will have on the surface physical and electronic structure. Recently, this defect pair has been considered on graphite, 9 and the adatom on graphene, 10 so here we expand the study to nanotubes. The study of intrinsic defects in pure carbon systems has also become of specific interest currently due to the recent experimental demonstrations of magnetism in pure carbon systems. [11] [12] [13] [14] [15] Some of these studies have speculated that intrinsic carbon defects could be responsible for the observed magnetic properties. 11 Some theoretical studies have predicted magnetism in defective fullerenes, 16, 17 and we have demonstrated previously that an adatom on a graphene sheet is magnetic, 10 hence it is also important to see if this behavior is consistent for nanotubes.
In order to make the following discussion transparent, at this point we will introduce some fundamental concepts in carbon and carbon nanotube physics. The carbon atom has four valence electrons, and in graphite carbons are ordered in such a way that they form a net of hexagons where every carbon atom has three nearest neighbors. This means that three out of four electrons form sp 2 bonds in the graphite plane. The remaining p orbital is perpendicular to the surface and forms metallic bands across the surface. The interaction between layers is of weak, van der Waals type.
A nanotube can be considered as a rolled graphene sheet ͑a single plane of graphite͒. The nature of the rolling decides many of the tube's electronic properties and this is indicated by the so-called chiral vector-given as (n,m). If the nanotube's chiral vector is of the form (n,0) the nanotube is called zigzag. If the chiral vector has form (n,n) then the tube is called armchair. The rest of the tubes are called chiral nanotubes. The determination of whether a tube is a metallic or semiconducting is as follows: if nϪm is divisible by 3 the tube is metallic, otherwise it is semiconducting. This can be understood in terms of zone folding and analogy to graphite-the degenerate * bands at the K point of the graphite Brillouin zone are folded into the ⌫ point in the nanotube. 18 -21 However, this type of description does not take into account the effect of curvature. Due to the curvature of the nanotube the * and * bonds hybridize and thus a small gap opens in zigzag nanotubes. This effect is strongest with nanotubes which have radius less than that of C 60 . 22 Table I shows the effective ''class'' of the nanotubes used in this study according to this analysis.
II. METHODS
The calculations have been performed using the planewave basis VASP code, 23, 24 implementing the spin-polarized density-functional theory ͑DFT͒ and the generalized gradient approximation of Perdew and and Wang 25 known as PW91. To represent the core (1s 2 ) electrons of carbon we have used projector augmented wave ͑PAW͒ potentials.
26,27 2s 2 and 2 p 2 electrons are considered as valence electrons. A kinetic energy cutoff of 400 eV was found to give energy convergence of up to a few meV.
In order to check the validity of the PAW potentials we initially determined the lattice parameters for the bulk graphite. The calculated lattice constants for graphite are a ϭ2.467 Å and cϭ6.925 Å using a Monkhorst-Pack 28 8ϫ8 ϫ8k-point grid to sample the Brillouin zone. The experimental values are 2.464 Å and 6.711 Å ͑Ref. 29͒ for a and c, respectively. The calculated a is thus only 0.1% larger than the experimental while the difference in the interlayer distance is 3.2%. Note that the agreement in c is fortuitious, since DFT does not reproduce the real interlayer van der Waals interactions. 30 However, as long as we avoid interlayer processes our method should provide a very good model for these carbon systems.
For each tube considered we checked the dependence of the results on k-point sampling and the vacuum surrounding the tube. Generally a k-point mesh of (1ϫ1ϫ7) (⌫ point included͒ and a vacuum gap of about 9 Å was enough to converge the total energy of the system to within 10 meV. Since we are considering defects in this study, it was also important to check the influence of defect-defect interactions along the tube ͑radially they are suppressed by the vacuum͒. We found that a nanotube length providing three carbon rings gave a good model of isolated adatom defects on the tube surface. Figures 1 and 2 show examples of the defected unit cells used for ͑5,5͒ and ͑9,0͒ nanotubes. The ͑5,5͒, ͑6,6͒, ͑8,0͒, ͑9,0͒, ͑10,0͒, ͑11,0͒, and ͑12,0͒ nanotubes used unit cells containing 60ϩ1, 72ϩ1, 64ϩ1, 72ϩ1, 80ϩ1, 88 ϩ1, and 96ϩ1 atoms, respectively.
III. RESULTS

A. Physical structure
In this study we consider seven nanotubes: the ͑8,0͒, ͑9,0͒, ͑10,0͒, ͑11,0͒, ͑12,0͒, ͑5,5͒, and ͑6,6͒ tubes. These nanotubes provide a reasonable sample of nanotube radius, chirality and electronic structure. Table I summarizes the properties of the various nanotubes. By the rule discussed previously, the ͑8,0͒, ͑10,0͒, and ͑11,0͒ are semiconducting, and ͑5,5͒ and ͑6,6͒ are metallic. ͑9,0͒ and ͑12,0͒ are formally metallic, but due to their radius a small band gap opens.
For each tube the qualitative behavior of adatoms on the surface is very similar-the adatom adsorbs in a bridgelike Table I gives the adsorption energies for both positions of each nanotube. This energy was found by subtracting the total energy of an ideal tube and an isolated carbon in the triplet state from the total energy of the defected tube. It is immediately evident that in every case the perpendicular position is the favored site. This can be understood from simple carbon bonding considerations: in the perpendicular case it is easier for the adatom to push the two adjacent nanotube atoms apart, since the curvature increases the distance to neighboring carbons in the perpendicular direction. For tubes of similar electronic structure, the adsorption energy reduces as the radius increases, and this supports the bonding argument. Increasing the radius means the surface atoms are closer together and more difficult to separate-graphene is the limiting case, where the surface atoms are closest, and here we see the smallest adsorption energy. The differences between semiconducting and metallic tubes clearly reflect the difference in electronic structure, with adatoms being more easily adsorbed onto the more weakly bonded metallic tubes in the perpendicular position.
B. Magnetic properties
The model of magnetism for adatoms on a graphene sheet presented previously 10 is based on a simple electron counting argument. Both the two bonded atoms on the surface, as well as the adatom, present a different hybridization: the surface atoms attached to the adatom have a sp 2 -sp 3 hybridization while the adatom stays sp 2 -like, as seen in the model of Fig.  4 . Concerning the adatom, the counting of the four carbon electrons is as follows: two electrons participate in the covalent bond with the graphene carbons. From the two remaining electrons, one goes to the dangling sp 2 bond, and another is shared between the sp 2 bond and the p z orbital. This p z orbital is orthogonal to the surface orbitals and cannot form any bands, remaining localized and therefore spin polarized. Figure 4 shows clearly that the spin polarized density occupies p orbitals of the adatom. Recent results on other systems [33] [34] [35] demonstrated that this behavior is typical for low-dimensional systems. The half electron of the p z orbital provides the magnetization of around 0.5 B . In addition the sp 2 -sp 3 hybridization of the graphene carbon linked to the adatom decides the adsorption energetics of the adatom. This implies that on nanotubes, where the bonding is similar, adatoms should also be magnetic. Table I shows that for all the nanotubes considered in this study, adsorbed adatoms have a finite magnetic moment. The specific magnitude of the magnetic moment depends, as for the adsorption energies, on the adsorption geometry and electronic structure of the tube as is explained in the following paragraphs.
Geometrically the magnetic moment is influenced by the ability of the polarized p z orbital to form bands with the surface orbitals. In graphene the p z orbital is orthogonal to the orbitals, and we get the maximum moment of 0.45 B . For adsorption positions on nanotubes which locally correspond to graphene, i.e., the perpendicular sites on ͑5,5͒ and ͑6,6͒ ͑see Fig. 2͒ , the magnetic moment is almost equivalent, as shown in Table I . This argument can be extended if we consider graphenelike electronic structure as the limiting configuration, i.e., that it is energetically favorable for nonmetallic nanotubes to become more metallic. For semiconducting tubes the adatom acts as a dopant, and some FIG. 4 . ͑Color online͒ ͑a͒ A schematic diagram of the bond orbitals at the equilibrium position in a plane through the adatom and the two surface carbons. Note that this schematic is a projection, and that the p z orbital is orthogonal to the adatom-surface bonds. ͑b͒ The spin density in e/Å 3 of a plane normal to the surface through the center of the adatom when the adatom is at the equilibrium position. The adatom is at ͑0,0͒. of its charge density is delocalized around the system making the nanotube more metallic, and consequently reducing the localized magnetic moment on the adatom. If we apply this argument to the results shown in Table I , we see that it explains the general trends in magnetic moment. The smallest moments are seen for the ''large'' gap semiconducting tubes, ͑8,0͒, ͑10,0͒, and ͑11,0͒ nanotubes. Here, a large portion of the adatom charge is delocalized. Larger moments, and hence less delocalization, are seen for those tubes where the gap is a consequence of the radius of the tube, and therefore smaller ͓0.13 eV for ͑9,0͒ compared to 0.73 eV for ͑10,0͒ in our calculations͔-this applies to nanotubes ͑9,0͒ and ͑12,0͒.
To support this idea we calculated the density of the states of the ideal and defected ͑9,0͒ and ͑10,0͒ nanotubes. The ͑9,0͒ nanotube with a defect is metallic, i.e., the gap disappears, while ͑10,0͒ remains a semiconductor with a reduced band gap.
To understand the differences of magnetic moments of an adatom at parallel and perpendicular adsorption sites, we must consider the interaction of the adatom with itself around the circumference of the tube. The adatom's magnetic orbital causes a perturbation in the local charge density around the defect site, and the magnitude of this perturbation depends on the electronic structure of the tube ͑it is larger for metallic nanotubes where charge density is less localized͒. For small nanotube radii, this perturbation can extend beyond half the circumference of the tube, and hence interacts with itself. This self-interaction only occurs when there is a component of the magnetic orbital perpendicular to the tube axis, i.e., it has no effect on the perpendicular adsorption sites of adatom on ͑5,5͒ and ͑6,6͒ since the magnetic orbitals lie along the tube axis. Combining both the electronic structure and self-interaction effects we can summarize the behavior of the magnetic moments.
͑1͒ For semiconducting tubes ͑10,0͒ and ͑11,0͒ the electronic structure reduces the moments, but the radii are large enough to avoid self-interaction.
͑2͒ For tubes ͑5,5͒ and ͑6,6͒ with adatoms in parallel adsorption sites, strong self-interaction reduces the moments.
͑3͒ For ͑9,0͒, a combination of small electronic structure effect and self-interaction reduce the moment.
͑4͒ For ͑12,0͒ the radius is large enough to avoid selfinteraction, and the moment is slightly reduced due to electronic structure.
͑5͒ For ͑8,0͒ nanotube adatom in a parallel adsorption site we get both strong electronic structure and self-interaction components resulting in a near zero moment.
The ͑8,0͒ nanotube acts as the limiting case for these effects due to its semiconducting nature and very small radius. In the parallel-bridge case the interaction of the adatom with itself is much larger so that the ferromagnetism disappears. In the perpendicular-bridge position, the small radius of the tube is not so important since the magnetic orbital now lies almost along the translational axis of the tube ͑see Fig. 1͒ . The diameter of the ͑8,0͒ nanotube is the limit for magnetic interactions in semiconductor-type tubes. This limit is in agreement and shifted just a little bit from the onset of metallicity problems due to the curvature in the ͑9,0͒ tube.
For some adsorption sites on semiconductor nanotubes, the maximum spin-polarization density is along the tube axis ͑see Fig. 1͒ , while in metallic nanotubes the spin-polarization density is perpendicular to the plane of the adatom and its nearest neighbors. These differences between metallic and semiconductor nanotube coupling with the lattice are interesting, and will influence the Curie temperatures. It seems that the doped semiconductor tubes, both because they show less magnetization as well as a different role of the tube direction, will show lower Curie temperatures.
IV. SUMMARY
In this study we have considered the adsorption of carbon adatoms onto the outside surface of various carbon nanotubes. We found that for every tube the energetically favored adsorption geometry is a ''bridgelike'' structure between two surface carbons, as predicted in previous calculations of a graphene sheet. 10 For all nanotubes a configuration with this bridge perpendicular to the long axis of the tube was preferable. The calculated adsorption energies decrease with increasing radius of the nanotube, tending towards the ''infinite'' radius graphene case.
We have also demonstrated that the magnetic moment previously predicted for adatoms on graphene is also present in calculations of nanotubes. For the wide variety of nanotubes considered, we find that an adatom adsorbed onto the tube is only nonmagnetic ͑or very weakly magnetic͒ for the parallel-bridge position on an ͑8,0͒ nanotube. In all other cases, the magnetic moment is in the range 0.20-0.44 B , with the specific local bonding configuration of the adatom and the electronic structure of the nanotube determining the magnitude of the magnetic moment. For tubes that are initially semiconducting, we find that the adsorption of an adatom reduces or even removes the band gap due to delocalization of the adatom charge density.
Due to the computational cost of such calculations, we did not consider adatom diffusion explicitly in this study. However, tight-binding simulations for nanotubes 36 have demonstrated that adatoms can be very mobile on nanotube surfaces, with migration barriers close to the graphene limit of 0.5 eV ͑Ref. 10͒ for radii as small as 1 nm. This is consistent with experimental observations that many defects on nanotube surfaces can be removed by annealing. 7 Hence, it should be possible to control the concentration, and therefore magnetism, of these defects on nanotubes via temperature. A further consequence of this high mobility is that it would be important to consider the interactions between adatoms, and whether stable carbon clusters could nucleate on the surface. If these clusters exist, it would be very interesting to see whether they also exhibit magnetic properties.
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